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Traumatic brain injury (TBI) is among the most common neurological disorders. Hemorrhagic 
lesions and white matter hyperintensities (WMH) are radiological features associated with 
moderate and severe TBI. Brain volume reductions have also been observed during the 
months following injury. In concussion, no signs of injury are observed on conventional mag-
netic resonance imaging (MRI), which may be a true feature of concussion or merely due to 
the limited sensitivity of imaging techniques used so far. Moreover, it is not known whether 
volume reductions are due to the resolution of trauma-related edema or a true volume loss. 
Forty-five collegiate-level ice hockey players (20 females) and 15 controls (9 females), 40 
players underwent 3-T MRI for hemorrhages [multi-echo susceptibility-weighted imaging 
(SWI)], WMH (three-dimensional fluid-attenuated inversion recovery), and brain volume at 
the beginning and the end of the hockey season. Concussed athletes underwent additional 
imaging and neuropsychological testing at 3 days, 2 weeks, and 2 months after injury. At 
the end of the hockey season, brain volume was reduced compared to controls by 0.32% 
(p < 0.034) in the whole cohort and by 0.26% (p < 0.09) in the concussed athletes. Two 
weeks and 2 months after concussion, brain volume was reduced by −0.08% (p = 0.027) 
and −0.23% (p = 0.035), respectively. In athletes, the WMH were significantly closer to 
the interface between gray matter and white matter compared to controls. No significant 
changes in the number of WMH over the duration of the study were found in athletes. 
No microhemorrhages were detected as a result of concussion or playing a season of ice 
hockey. We conclude that mild TBI does not lead to transient increases in brain volume and 
no new microbleeds or WMH are detectable after concussion. Brain volume reductions 
appear by 2 weeks after concussion and persist until at least 2 months after concussion. 
Brain volume is reduced between the beginning and the end of the ice hockey season.
Keywords: concussion, mTBi, Mri, neuroimaging, brain volume, susceptibility-weighted imaging, white matter 
hyperintensities
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inTrODUcTiOn
Traumatic brain injury (TBI) is one of the most common neuro-
logical disorders, with incidence rates >650/100,000/year (1, 2). 
Among the changes seen on magnetic resonance imaging (MRI) 
of TBI are hemorrhages, white matter hyperintensities (WMH), 
and brain volume reduction. These features are associated with 
moderate and severe brain injury (3), whereas in concussion, 
the most frequent type of TBI, no acute changes on conventional 
imaging are seen (4). Even modern MRI techniques at higher field 
strengths, such as gradient echo MRI or susceptibility-weighted 
imaging (SWI), have not detected hemorrhages in concussed 
patients. The absence of bleeds may be a true feature of concussion 
or simply a result of the limited sensitivity of imaging methods 
used so far. Moreover, microbleeds have a range of etiologies and 
are not necessarily trauma related (5, 6). Brain volume reductions 
have been reported to occur between the acute phases after TBI 
and follow-up after several months (7). However, it is not known 
whether these volume changes are due to the resolution of trauma-
related edema (pseudoatrophy) or true volume reductions. These 
observations and considerations raise some questions related to 
conventional imaging studies of mild TBI: first, is more advanced 
imaging [multi-echo SWI with optimized image reconstruction 
(8) and 3D fluid-attenuated inversion recovery (FLAIR) at 3 T] 
able to detect microbleeds or WMH that are caused by concus-
sion? And, second, does concussion lead to acute increases in 
brain volume and subsequent decreases that may mimic atrophy 
in studies that evaluate patients at two time points post injury? 
These questions can be answered if data from before and after the 
injury are available. In humans, this can only be accomplished by 
following a group of people at high risk of sustaining a mild TBI. 
Here, we worked with two ice hockey teams whom we followed 
over one season. In this cohort, we performed MRI pre- and 
postseason in all players and at 3 days, 2 weeks, and 2 months after 
concussion. At 3 T, we used multi-echo SWI for microbleeds, 3D 
FLAIR for WMH, and 3D T1-weighted scans for volumetric MRI.
MaTerials anD MeThODs
Participants and study Design
Twenty female and 25 male players (mean age = 21.2 ± 3.1 years) 
from two Canadian Interuniversity Sports ice hockey teams par-
ticipated in this study. Players received baseline MRI and Sport 
Concussion Assessment Tool 2 (SCAT2) tests in September before 
the beginning of the ice hockey season (9). One physician and one 
non-physician, both unaffiliated with the teams, observed each 
preseason, regular season, and postseason game, for a total of 
40 and 31 games for the men’s and women’s teams, respectively. 
When a suspected concussion was observed from the sideline 
(signs of poor balance, confusion, and disorientation), the physi-
cian removed the player from the game and performed a clinical 
evaluation at the rink, followed by SCAT2 in the dressing room.
Concussed players were referred to MRI and neuropsycho-
logical testing at 72 h, 2 weeks, and 2 months after concussion. 
Athletes were imaged after the end of the hockey season in March. 
Four non-concussed players completed only one time point 
and were excluded. Fifteen subjects (six males, nine females, 
age = 22.9 ± 2.3 years) from the same university were enrolled 
as controls for WMH and microhemorrhages and were scanned 
once. Inclusion criteria for controls were university students with 
matching age, not engaged in contact sports, and without a history 
of concussion or neurological condition. Five additional subjects 
who did not engage in contact sports were scanned four times 
over 6 months as healthy controls for the volume measurements. 
In addition, a phantom designed for quality control of the volu-
metric measurements in the Alzheimer’s Disease Neuroimaging 
Initiative (ADNI) study was scanned once a month (10). All sub-
jects gave written informed consent prior to the study, according 
to the University of British Columbia research ethics board and 
in compliance with the Helsinki Declaration.
imaging
Magnetic resonance imaging data were acquired on a Philips 
Achieva 3T scanner equipped with an eight-channel SENSE head 
coil, including the following scans: (a) sagittal three-dimensional 
T1-weighted scan (TR = 8.1 ms, TE = 3.7 ms, flip angle = 6°, 
acquisition matrix = 256 × 256 × 160, field of view = 256 mm × 2
56 mm × 160 mm, voxel size = 1 mm × 1 mm × 1 mm, and SENSE 
factor of 2 along the left–right direction); (b) sagittal three-
dimensional FLAIR (TR = 8000 ms, TI = 2400 ms, TE = 337 ms, 
flip angle  =  6°, acquisition matrix  =  256  ×  256  ×  160, 
field of view  =  256  mm  ×  256  mm  ×  160  mm, voxel 
size = 1 mm × 1 mm × 1 mm, and SENSE factor of 2 along the 
left–right direction and 2.5 along the anterior–posterior direc-
tion); and (c) multi-echo SWI using an axial 3D gradient echo 
scan (TR = 36 ms, TE = 6/12/18/24/30 ms, flip angle = 17°, acqui-
sition matrix = 440 × 222 × 64, field of view = 220 mm × 166 m
m × 128 mm, acquired voxel size = 0.5 mm × 0.5 mm × 2 mm, 
reconstructed voxel size = 0.5 mm × 0.5 mm × 1 mm, and SENSE 
factor of 1.2 along the left–right direction) (8).
Data Processing and analysis
Susceptibility-weighted imaging data were reconstructed offline, 
and the SWI of the individual echoes were averaged with weights 
to optimize contrast between hemorrhages and surrounding tis-
sue, assuming R2* relaxation rates of 20 ms−1 for white matter and 
60 ms−1 for hemorrhage, which leads to weighting coefficients of 
0.12, 0.19, 0.22, 0.24, and 0.24 (8). All other images were recon-
structed by the scanner software. The FLAIR images of each con-
cussed subject were registered to the corresponding SWI scans. 
The FLAIR and SWI of the non-concussed players were registered 
to the baseline SWI scan. All image registration was performed 
half-way to avoid blurring of one image more than the other. The 
SWI and FLAIR images were reviewed by two radiologists (Nancy 
Martin and Warren Perera) using custom viewing software. The 
radiologists (with 4 years experience), who were blinded to the 
control/player status, concussion status, and the chronology of 
the scans, reviewed the scans together. Lesions identified by con-
sensus were digitally marked and counted. Possible lesions (ques-
tionable by one or both observers) were marked and subsequently 
reviewed together with the third radiologist (David K. B. Li) to 
confirm or exclude. To identify the distance from the WMH to the 
cortical gray matter and the sulcal depths, one author measured 
the shortest straight-line distance in 3D from the center of each 
TaBle 1 | Demographic information and the number of WMh and hemorrhages found in the 11 concussed subjects at each time point.
Player age gender # of lesions at Bl # of lesions at 72 h # of lesions at 2 weeks # of lesions at 2 months # of lesions at eOs
1 22 m 2 1 2 0 0
2 21 m 0 0 0 0 1
3 21 f 1 1 1 2 2
4 19 f 0 X 0 0 X
5 22 f 1 1 1 1 0
6 21 f 0 0 0 0 0
7 22 m 1 1 1 0 0
8 24 m 6 (+1 bleed) X 6 (+1 bleed) X X
9 19 f 4 X 4 4 4
10 19 f 0 0 0 0 0
11 23 m 5 6 6 X X
All lesions were WMH, with the exception of one hemorrhage in subject 8, which was already present at the preseason scan. X indicates a missed follow-up.
TaBle 2 | Demographic details and lesion counts for all players who 
underwent both pre- and postseason Mri scans.
subject concussed 
(Y/n)
sex age Preseason 
MWhi
Postseason 
MWhi
1 Y M 22 2 0
2 Y M 21 0 1
3 Y F 21 1 2
4 Y F 19 0 X
5 Y F 22 1 0
6 Y F 21 0 0
7 Y M 22 1 0
8 Y M 24 7 X
9 Y F 19 4 4
10 Y F 19 0 0
11 Y M 23 5 X
12 N F 23 3 3
13 N M 21 0 0
14 N F 18 5 5
15 N F 20 10 11
16 N F 18 0 0
17 N F 18 5 3
18 N M 21 3 3
19 N M 24 2 3
20 N F 21 1 1
21 N M 22 2 5
22 N M 25 2 2
23 N M 22 8 9
24 N M 21 1 1
25 N F 19 0 1
26 N F 18 1 1
27 N M 22 32 29
28 N M 20 14 13
29 N M 21 0 0
30 N M 21 3 4
31 N F 20 2 2
32 N M 22 6 5
33 N F 18 3 0
34 N M 23 1 1
35 N F 17 0 0
36 N M 20 1 1
37 N F 19 3 2
38 N F 17 0 1
39 N M 21 2 2
40 N M 23 6 6
41 N F 36 6 7
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WMH to the closest cortical gray matter and to the nearest sul-
cal depth, respectively. Lesions were also mapped into Talairach 
space by affine registration to the electronic Talairach atlas (11).
Brain Volume
Two time point global brain volume changes were estimated 
based on the three-dimensional T1-weighted scans, using FSL’s 
SIENA (12–14). SIENA extracts brain and skull images from 
the two time point whole-head input data and measures percent 
brain volume change (PBVC) (15). All PBVC measurements were 
made against each subject’s baseline scan.
statistics
Statistical tests on the full season data were performed using 
MATLAB (2011a, The MathWorks, Inc., Natick, MA, USA). 
Volume changes compared to baseline were evaluated for the fol-
lowing groups: (1) concussed players for all post-concussion time 
points, (2) all concussed players postseason, (3) all non-concussed 
players postseason, (4) all subjects postseason with two or more 
WMH (observed at baseline), and (5) all subjects postseason with 
a maximum of one WMH at baseline. Comparison of subject 
and control WMH count at baseline were performed using the 
Wilcoxon rank-sum test. Repeated measures of the brain volume 
change for concussed subjects were analyzed using a mixed effect 
model in R (R Foundation for Statistical Computing, Vienna, 
Austria) (16, 17). Gender, age, SCAT2 score, and WMH count at 
each time point were included as fixed effects.
resUlTs
Over the season, 11 players were diagnosed with a concussion. 
Their age, gender, and number of brain lesions scores are listed 
in Table 1 and for the full cohort in Table 2. A total of 168 MRI 
sessions were performed during the study.
lesions
An example of punctuate WMH in non-concussed ice hockey 
player is shown in Figure 1. The number of WMH and hemor-
rhages of each concussed subject at each available time point is 
listed in Table 1. The median number of WMH for all hockey 
players was 3.5 ± 5.5 (median 2, max = 32, and min = 0). The 
number of WMH exhibited some variability over time but no 
significant association with concussion. The non-concussed 
players similarly showed no difference in WMH between pre- 
and postseason scans. The distance (mean ± SD) of the WMH to 
the cortical gray matter and the sulcal depths was 2.6 ± 2.6 and 
FigUre 1 | Top: T2-weighted FLAIR of a 20-year-old non-concussed male ice hockey player showing punctuate WMH (red arrow heads). Bottom: composite 
image of all WMH of players (red, from 41 players) and controls (blue, from 15 controls) registered to a standard brain.
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4.3 ± 3.4 mm, respectively. WMH were principally found in the 
front lobe (75.2%). The only hemorrhage detected in the whole 
cohort had already been present at the preseason baseline scan 
(subject 8). Since there were no significant changes in lesion num-
ber over the ice hockey season, comparisons with lesion number 
and location in controls were performed for the baseline data. In 
the control cohort, we found on average 2.1 ± 2.2 (median = 2, 
max =  6, and min =  0) WMH and no microhemorrhages. In 
the controls, the distance between WMH and the closest corti-
cal GM and the sulcal depths was 5.2 ± 1.7 and 10.7 ± 3.8 mm, 
respectively, which is significantly (p < 0.002) (with correction 
for multiple comparison for the two measurements of distances 
to the GM/WM interface and the sulcal depth) larger than in the 
athletes (with correction for multiple comparison for the two 
measurements of distances to the GM/WM interface and the 
sulcal depth), and the majority of WMH (56%) were located in 
the frontal lobe, which accounts for approximately 33% of total 
brain volume (Figure 2).
Volume
In the control subjects, PBVC changes between baseline and 
subsequent time points were positive but not significant [+0.07% 
(p = 0.36), +0.18% (p = 0.11), and +0.07% (p = 0.45)]. Compared 
to controls, PBVC of the concussed players were not significantly 
reduced 3 days after concussion (−0.11%, p = 0.15). Two weeks 
and 2 months after concussion, PBVC of −0.08% (p = 0.027) and 
−0.23% (p =  0.035) were significant compared to controls. In 
the non-concussed players, the full season PBVC of −0.32% was 
significantly more than in the final control time point (p = 0.034). 
There was no significant difference in PBVC between concussed 
and non-concussed athletes at the end of the season (Figure 3). 
No significant differences in PBVC were found between male and 
female players (p = 0.77). The ADNI phantom scans showed no 
scanner-related changes in measured phantom geometry.
Based on the mixed effect model, the only factor found signifi-
cantly related to PBVC of concussed subjects was time after injury 
(p = 0.009). Age (p = 0.09), gender (p = 0.4), SCAT2 (p = 0.3), and 
WMH count (p = 0.07) were not found to have a significant effect.
DiscUssiOn
The main findings of this prospective neuroimaging study on 
mild TBI were (1) that no volume changes were observed at 
3  days and 2  weeks post injury, but both concussed and non-
concussed athletes exhibited reduction in brain volume over the 
course of one season; (2) that neither concussion nor playing a 
season of ice hockey led to detectable microbleeds; and (3) that 
in athletes, WMH were more numerous and significantly closer 
to the GM–WM interface compared to controls.
FigUre 2 | Distance from WMh to the cortical interface and the nearest depth of sulcus in athletes and controls, respectively. In athletes, mean, 
median first quartile, and third quartile were 2.6, 2.5, 1.5, and 3.9 mm for the distance to the nearest GM/WM interface and 4.4, 4.2, 3.1, and 5.6 mm to the nearest 
sulcal depth. In controls, the distances were 5.2, 5.0, 4.0, and 5.7 mm to the nearest WM/GM interface and 10.0, 8.5, 7.0, and 12.5 mm to the sulcal depths.
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Volume
The volume changes in both the concussed and non-concussed 
players were small (corresponding to 3  cm3 if a typical brain 
volume is assumed), yet significant. This reduction is in line with 
previous studies in mild TBI, where reductions in volume by 
about 7.6 cm3 within 1 year were measured (7, 18). The discrep-
ancy between volumetric MRI and SCAT2 suggests that there 
may be subtle long-lasting effects that are not detected by SCAT2. 
Since this pilot study was conducted, SCAT3 has been developed 
and recommended for sport concussion (19). However, both 
SCAT2 and SCAT3 were designed as simple tools for the iden-
tification of concussions rather than as neuropsychological tests. 
Furthermore, while certain aspects of concussion may be better 
captured with subcategories of SCAT2 or the newer SCAT3, the 
statistical power of this neuroimaging study is too low to compare 
imaging outcomes with several subscores. Future studies should 
compare neuroimaging with more sensitive neuropsychological 
tests for serial follow-up designed for postconcussive symptoms. 
The pre- and postseason scans for this study were performed 
for all subjects during two brief windows several months apart. 
With such design, variability in scanner performance may be 
responsible for changes in measured brain volume. In addition 
to the five healthy controls, who showed no volume change, 
the MRI scanner performance at our institution is assessed by 
regular scans of a phantom for the ADNI study (10). These ADNI 
phantom scans showed no signs of scanner drift that may lead to 
errors in volume measurements. The data acquired 3 days after 
concussion were collected when dehydration from the physical 
activity may be present. We cannot ignore the possibility of a sys-
tematic short-term physiological state being responsible for the 
observed volume change, such as differences in hydration levels 
at the different measured time points. One study has found that a 
lack of fluid intake prior to MRI can result in a decrease in brain 
volume by 0.55% (20). On the other hand, two recent studies have 
FigUre 3 | left: brain volume changes in percent at the end of the hockey season relative to the preseason volume in the non-concussed, the concussed, and the 
whole cohort. Solid bars show the SD. All three groups (concussed, non-concussed, and whole cohort) showed a significant (p < 0.01) reduction in brain volume. 
The volume reduction in the whole cohort was not driven by the concussed players. right: reduction in brain volume in 11 concussed ice hockey players 72 h, 
2 weeks, and 2 months after concussion, compared to preseason baseline. At 2 months, the brain volume was reduced significantly (p = 0.016) by 0.23%.
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investigated whole brain volume change in dehydrated athletes 
using both SIENA and a manual method and found no measur-
able change (21, 22), while a third study showed a decrease of 
brain volume by 0.36% (23). Using accelerometers (24) to relate 
volume changes to the impact doses sustained during a season of 
contact sports would provide more insight into the relationship, 
if any, between subclinical impacts and brain volume changes. It 
is an important finding of the present study that there were no 
increases in brain volume at 72 h and 2 weeks after concussion. 
Such changes could occur from diffuse edema and swelling asso-
ciated with injury and be a potential confounding factor in brain 
volume studies where subjects are scanned short after injury and 
again several months later, but not prior to the injury. In such 
studies, resolution of edema may mimic atrophy (pseudoatro-
phy). We must also note that the small volume changes observed 
here do not necessarily correspond to neuropsychiatric deficits.
Microhemorrhages and WMh
Microhemorrhages have not been reported in concussion; this 
may be a feature of concussion or simply a result of the limited 
sensitivity of imaging methods used in concussion so far. The 
new multi-echo SWI technique used for this study has 40% bet-
ter signal-to-noise ratio compared to its single echo counterpart 
(8). Moreover, data were acquired at 3 T and offline processing of 
the data was optimized for the visualization of hemorrhages. The 
absence of concussion-related bleeds even on such an advanced 
scan supports the notion that hemorrhages are not a predominant 
feature of concussion.
However, the lack of hemorrhagic injury in this cohort does 
not mean that contact sports, such as ice hockey, are harmless. 
Neither microhemorrhages nor WMH are unequivocal signs 
of recent brain injury. Microbleeds and WMH are associated 
with various conditions, including TBI, and they may persist for 
several years (6, 25). Interestingly, using a 3D FLAIR scan with 
1 mm3 isotropic resolution at 3 T, we found more WMH than 
reported previously using 2D approaches. For example, only one 
WMH was found in a group of 65 healthy subjects between 16 
and 25 years, using 2D FLAIR at 1.5 T (26). It should be noted 
that the visual detection of punctuate hyperintensities is inher-
ently subjective, which may account for some of the variability 
in WMH counts across time points (27). While the number of 
WMH was elevated but not significantly higher in the athletes 
compared to the controls, their location was significantly closer to 
the gray matter and the sulcal depths. This proximity to the GM/
WM interface suggests that the WMH in athletes are more likely 
impact related (28, 29). Since there were no significant changes in 
WMH over time, the comparison between athletes and controls 
was performed for the baseline data only.
It was suggested that chronic changes in the brains of some 
athletes may be a result from multiple hits. A recent postmortem 
study on the brains of 85 people with histories of repetitive mild 
TBI, for instance, found that in the subgroup of 35 professional 
American football players, pathological signs of chronic traumatic 
encephalopathy (CTE) were present in 34 players (30). CTE is 
thought to be a progressive neurodegeneration characterized by 
tau neurofibrillary tangles which, starting from the depths of 
the cerebral sulci, spread over larger cortical areas as the disease 
progresses (31–33). In these 34 football players, the stage of CTE 
correlated with the number of years played but not with the num-
ber of concussions. In the present study, the majority of the WMH 
in the athletes were found within 5 mm of the nearest sulcal depth 
and within 3 mm of the white matter/gray matter interface; the 
WMH were not only more frequent but also significantly closer 
to the GM/WM interface than in the controls. Recent studies also 
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demonstrated changes in white matter integrity in non-concussed 
athletes over one season of impact sports using diffusion tensor 
imaging (34, 35). These studies support the hypothesis that an 
accumulation of subconcussive hits can have an appreciable effect 
on brain structure. It should be emphasized that the postmortem 
studies on CTE have a heavy selection bias, as usually only athletes 
with clinical symptoms donate their brains for this type of research.
limitations
This study had some limitations. The variability in the counts of 
WMH seen pre- and postseason, as well as post-concussion may 
have limited the ability to detect change over time and follow-
ing injury. Partial volume averaging was minimized by the 3D 
acquisition with 1 mm isotropic resolution and two radiologists 
worked by consensus in order to minimize inter- and intra-
rater variability. The variability in WMH counts highlights the 
subjective nature and the difficulty in identifying small punctuate 
lesions, particularly when the observers were blinded to the chro-
nology of the scans. The high sensitivity of the multi-echo SWI 
and the 3D FLAIR comes at the expense of limited comparability 
with studies that use standard clinical MRI protocols, although 
SWI and 3D FLAIR are now commonly available sequences. 
The sample size of concussed athletes is relatively small, which 
precludes an in-depth analysis of the relationship between neu-
ropsychological scores and the number and location of WMH 
or any differences between male and female players. This also 
may have been a factor in the lack of change in SCAT2 scores. 
In contrast, these significant changes seen in a small cohort 
encourage future prospective studies on mild TBI in high-risk 
groups. The prospective nature of the study limited the sample 
size but allowed us to directly compare players before and after 
playing a season of hockey and before and after injury, greatly 
reducing the influence of intersubject variability encountered in 
cross-sectional studies. Finally, not all subjects had all MRI scans 
or all neuropsychological tests. However, the statistical power is 
similar at all time points with eight out of 11 concussed subjects 
scanned at 72 h, all 11 scanned at 2 weeks, and nine out of 11 
scanned at 2 months. The time points after concussion were cho-
sen to sample the acute phase after concussion, the phase after 
which people are normally regarded as recovered (2 weeks), and 
a follow-up several weeks after full recovery. The 72-h time point 
was the earliest feasible time point to perform post-injury MRI. 
In particular, in the early phase after injury, a different choice of 
time points may have an influence on the results. Our choice of 
time points after concussion is not unusual, however (36). While 
a prospective study in a cohort with a high risk of sustaining a 
concussion is much closer to a real life scenario than any animal 
work, biomechanical aspects specific to ice hockey may limit the 
generalizability of our findings. Additional studies in other high-
risk cohorts, such as American football, will shed more light on 
the issue of generalizability.
cOnclUsiOn
The present study demonstrates that concussions do not cause 
acute increases in brain volume and that even with advanced 
MRI at high field strength, no microhemorrhages are detected. 
The findings also suggest that playing ice hockey may lead to 
observable volume changes in the athletes’ brains, irrespective of 
their concussion status, indicating that better monitoring of play-
ers and more protective measures may be warranted. However, in 
this study, the degree of change was small and factors other than 
repetitive impact from playing ice hockey cannot be ruled out. 
Future prospective studies should address whether these changes 
accumulate over consecutive seasons of contact sports and whether 
they are reversible once athletes stop playing competitively.
aUThOr cOnTriBUTiOns
AR, JT, and DL designed the study. AR and DL designed the 
imaging protocol. SD coordinated the study and performed 
neuropsychological testing. MJ and YZ performed statistical 
analysis. RT designed the lesion marking workflow, software, and 
performed quality control and visual inspection of all marked 
lesions. MJ, EH-T, RT, and ES performed image reconstruction 
and preprocessing. NM and WP marked lesions. AR and DL 
supervised imaging and image analysis. AR and MJ conducted 
literature research. MJ and AR wrote the first draft. All authors 
contributed to the writing of the paper. All authors read and 
approved the final manuscript.
acKnOWleDgMenTs
We are very grateful to the ice hockey teams, athletes, and 
volunteers who participated in this study. We acknowledge the 
continued research support at the UBC MRI Research Centre 
by Philips Healthcare. We wish to thank Alexander Wright and 
Vanessa Wiggermann for helpful discussions. We would like to 
thank Linda Chandler for her support.
FUnDing
Funding was provided by the London Drugs Award for Research 
Excellence. AR is supported by a Canadian Institutes for Health 
Research New Investigator Award. EH-T is supported by a grant 
from CONACYT.
reFerences
1. Feigin VL, Theadom A, Barker-Collo S, Starkey NJ, McPherson K, Kahan M, 
et al. Incidence of traumatic brain injury in New Zealand: a population-based 
study. Lancet Neurol (2013) 12:53–64. doi:10.1016/S1474-4422(12)70262-4 
2. Ryu WHA, Feinstein A, Colantonio A, Streiner DL, Dawson DR. Early 
identification and incidence of mild TBI in Ontario. Can J Neurol Sci (2009) 
36:429–35. doi:10.1017/S0317167100007745 
3. Tong KA, Ashwal S, Holshouser BA, Shutter LA, Herigault G, Haacke EM, 
et al. Hemorrhagic shearing lesions in children and adolescents with posttrau-
matic diffuse axonal injury: improved detection and initial results. Radiology 
(2003) 227:332–9. doi:10.1148/radiol.2272020176 
4. McCrory P, Meeuwisse WH, Aubry M, Cantu B, Dvorak J, Echemendia RJ, 
et  al. Consensus statement on concussion in sport: the 4th International 
Conference on Concussion in Sport held in Zurich, November 2012. Br J 
Sports Med (2013) 47:250–8. doi:10.1136/bjsports-2013-092313 
February 2016 | Volume 7 | Article 118
Jarrett et al. Prospective Imaging Study of Concussion
Frontiers in Neurology | www.frontiersin.org
5. Wilson D, Charidimou A, Werring DJ. Advances in understanding sponta-
neous intracerebral hemorrhage: insights from neuroimaging. Expert Rev 
Neurother (2014) 14:661–78. doi:10.1586/14737175.2014.918506 
6. Hartwigsen G, Siebner HR, Deuschl G, Jansen O, Ulmer S. Incidental 
findings are frequent in young healthy individuals undergoing magnetic 
resonance imaging in brain research imaging studies: a prospective sin-
gle-center study. J Comput Assist Tomogr (2010) 34:596–600. doi:10.1097/
RCT.0b013e3181d9c2bb 
7. Zhou Y, Kierans A, Kenul D, Ge Y, Rath J, Reaume J, et al. Mild traumatic 
brain injury: longitudinal regional brain volume changes. Radiology (2013) 
267:880–90. doi:10.1148/radiol.13122542 
8. Denk C, Rauscher A. Susceptibility weighted imaging with multiple echoes. J 
Magn Reson Imaging (2010) 31:185–91. doi:10.1002/jmri.21995 
9. Valovich McLeod TC, Register-Mihalik JK. Clinical outcomes assessment for 
the management of sport-related concussion. J Sport Rehabil (2011) 20:46–60. 
10. Gunter JL, Bernstein MA, Borowski BJ, Ward CP, Britson PJ, Felmlee JP, et al. 
Measurement of MRI scanner performance with the ADNI phantom. Med 
Phys (2009) 36:2193–205. doi:10.1118/1.3116776 
11. Lancaster JL, Woldorff MG, Parsons LM, Liotti M, Freitas CS, Rainey L, 
et  al. Automated Talairach atlas labels for functional brain mapping. Hum 
Brain Mapp (2000) 10:120–31. doi:10.1002/1097-0193(200007)10:3<120:: 
AID-HBM30>3.0.CO;2-8 
12. Jenkinson M, Bannister P, Brady M, Smith S. Improved optimization for the 
robust and accurate linear registration and motion correction of brain images. 
Neuroimage (2002) 17:825–41. doi:10.1006/nimg.2002.1132 
13. Jenkinson M, Smith S. A global optimisation method for robust affine 
registration of brain images. Med Image Anal (2001) 5:143–56. doi:10.1016/
S1361-8415(01)00036-6 
14. Smith SM, Jenkinson M, Woolrich MW, Beckmann CF, Behrens TEJ, 
Johansen-Berg H, et  al. Advances in functional and structural MR image 
analysis and implementation as FSL. Neuroimage (2004) 23(Suppl 1):S208–19. 
doi:10.1016/j.neuroimage.2004.07.051 
15. Smith SM. Fast robust automated brain extraction. Hum Brain Mapp (2002) 
17:143–55. doi:10.1002/hbm.10062 
16. Bates D, Maechler M, Bolker B, Walker S. lme4: Linear Mixed-Effects Models Using 
Eigen and S4 (2014). Available from: http://CRAN.R-project.org/package=lme4
17. Baayen RH. Analyzing Linguistic Data: A Practical Introduction to Statistics 
Using R. Cambridge; New York: Cambridge University Press (2008).
18. Zagorchev L, Meyer C, Stehle T, Wenzel F, Young S, Peters J, et al. Differences 
in regional brain volumes two months and one year after mild traumatic brain 
injury. J Neurotrauma (2015) 33:29–34. doi:10.1089/neu.2014.3831 
19. Guskiewicz KM, Register-Mihalik J, McCrory P, McCrea M, Johnston 
K, Makdissi M, et  al. Evidence-based approach to revising the SCAT2: 
introducing the SCAT3. Br J Sports Med (2013) 47:289–93. doi:10.1136/
bjsports-2013-092225 
20. Duning T, Kloska S, Steinsträter O, Kugel H, Heindel W, Knecht S. Dehydration 
confounds the assessment of brain atrophy. Neurology (2005) 64:548–50. 
doi:10.1212/01.WNL.0000150542.16969.CC 
21. Kempton MJ, Ettinger U, Schmechtig A, Winter EM, Smith L, McMorris T, 
et al. Effects of acute dehydration on brain morphology in healthy humans. 
Hum Brain Mapp (2009) 30:291–8. doi:10.1002/hbm.20500 
22. Watson P, Head K, Pitiot A, Morris P, Maughan RJ. Effect of exercise and 
heat-induced hypohydration on brain volume. Med Sci Sports Exerc (2010) 
42:2197–204. doi:10.1249/MSS.0b013e3181e39788 
23. Biller A, Reuter M, Patenaude B, Homola GA, Breuer F, Bendszus M, et al. 
Responses of the human brain to mild dehydration and rehydration explored 
in vivo by 1H-MR imaging and spectroscopy. AJNR Am J Neuroradiol (2015) 
36:2277–84. doi:10.3174/ajnr.A4508 
24. Wilcox BJ, Machan JT, Beckwith JG, Greenwald RM, Burmeister E, Crisco JJ. 
Head-impact mechanisms in men’s and women’s collegiate ice hockey. J Athl 
Train (2014) 49:514–20. doi:10.4085/1062-6050-49.3.19 
25. Koennecke H-C. Cerebral microbleeds on MRI: prevalence, associations, and 
potential clinical implications. Neurology (2006) 66:165–71. doi:10.1212/01.
wnl.0000194266.55694.1e 
26. Hopkins RO, Beck CJ, Burnett DL, Weaver LK, Victoroff J, Bigler ED. 
Prevalence of white matter hyperintensities in a young healthy population. J 
Neuroimaging (2006) 16:243–51. doi:10.1111/j.1552-6569.2006.00047.x 
27. Wiggermann V, Hernandez-Torres E, Traboulsee A, Li DKB, Rauscher A. 
FLAIR2: A combination of FLAIR and T2 for improved MS lesion detection. 
AJNR Am J Neuroradiol (2015). doi:10.3174/ajnr.A4514 
28. Bigler ED. Neuropathology of mild traumatic brain injury: correlation to 
neurocognitive and neurobehavioral findings. In: Kobeissy FH, editor. Brain 
Neurotrauma: Molecular, Neuropsychological, and Rehabilitation Aspects 
Frontiers in Neuroengineering. Boca Raton, FL: CRC Press; Taylor & Francis 
(2015). p. 433–50.
29. Gentry LR, Godersky JC, Thompson B. MR imaging of head trauma: review 
of the distribution and radiopathologic features of traumatic lesions. AJR Am 
J Roentgenol (1988) 150:663–72. doi:10.2214/ajr.150.3.663 
30. McKee AC, Stein TD, Nowinski CJ, Stern RA, Daneshvar DH, Alvarez VE, 
et  al. The spectrum of disease in chronic traumatic encephalopathy. Brain 
(2013) 136:43–64. doi:10.1093/brain/aws307 
31. Omalu BI, DeKosky ST, Minster RL, Kamboh MI, Hamilton RL, Wecht CH. 
Chronic traumatic encephalopathy in a National Football League player. 
Neurosurgery (2005) 57:128–34. doi:10.1227/01.NEU.0000163407.92769.ED 
32. Omalu B, Bailes J, Hamilton RL, Kamboh MI, Hammers J, Case M, et  al. 
Emerging histomorphologic phenotypes of chronic traumatic encephalop-
athy in American athletes. Neurosurgery (2011) 69:173–83. doi:10.1227/
NEU.0b013e318212bc7b 
33. McKee AC, Cantu RC, Nowinski CJ, Hedley-Whyte ET, Gavett BE, Budson 
AE, et al. Chronic traumatic encephalopathy in athletes: progressive tauopa-
thy after repetitive head injury. J Neuropathol Exp Neurol (2009) 68:709–35. 
doi:10.1097/NEN.0b013e3181a9d503 
34. Davenport EM, Whitlow CT, Urban JE, Espeland MA, Jung Y, Rosenbaum 
DA, et al. Abnormal white matter integrity related to head impact exposure in 
a season of high school varsity football. J Neurotrauma (2014) 31(19):1617–24. 
doi:10.1089/neu.2013.3233 
35. McAllister TW, Ford JC, Flashman LA, Maerlender A, Greenwald RM, Beckwith JG, 
et al. Effect of head impacts on diffusivity measures in a cohort of collegiate contact 
sport athletes. Neurology (2014) 82:63–9. doi:10.1212/01.wnl.0000438220.16190.42 
36. Murugavel M, Cubon V, Putukian M, Echemendia R, Cabrera J, Osherson 
D, et al. Longitudinal diffusion tensor imaging study assessing white matter 
fiber tracts after sports-related concussion. J Neurotrauma (2014) 31:1860–71. 
doi:10.1089/neu.2014.3368 
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.
Copyright © 2016 Jarrett, Tam, Hernández-Torres, Martin, Perera, Zhao, Shahinfard, 
Dadachanji, Taunton, Li and Rauscher. This is an open-access article distributed 
under the terms of the Creative Commons Attribution License (CC BY). The use, 
distribution or reproduction in other forums is permitted, provided the original 
author(s) or licensor are credited and that the original publication in this journal 
is cited, in accordance with accepted academic practice. No use, distribution or 
reproduction is permitted which does not comply with these terms.
